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and of five radiomimetic compounds on cell division, growth in liquid medium, and growth in solid medium of Escherichia coli S and four of its radioresistant mutants was examined. All of the agents, including ultraviolet light, induced filaments in the parent S and in at least one of its radioresistant mutants; two of the agents, azaserine and mitomycin C, induced filaments in three of the mutants; in only one mutant were no filaments induced by any agent. Growth in solid medium was more sensitive to the agents than was growth in liquid medium. The mutants differed among each other in their degree of resistance to most of the chemical agents, when inhibition of growth in agar was used as the criterion. There was no difference among the mutants in the dose of any agent required to inhibit overnight growth in liquid medium.
When Escherichia coli is irradiated with ultraviolet light or X-rays, it grows into elongated filaments or "snakes" (Lea, Haines, and Coulson, 1937; Witkin, 1947; Spoerl et al., 1954; Payne et al., 1956 ). Filaments are also produced when E. coli is treated with radiomimetic chemicals (Bryson, 1948; Katchman, Spoerl, and Smith, 1955; Maxwell and Nickel, 1954; Loveless, Spoerl, and Weisman, 1954; Harold and Ziporin, 1958) . A radiation-resistant mutant of E. coli B, B/r, does not become filamentous when irradiated with ultraviolet light (Witkin, 1947; Payne et al., I Present address: Palo Alto Medical Research Foundation, 860 BrYant St., Palo Alto, Calif. 1956) or when treated with such radiomimetic agents as mustard gas (Harold and Ziporin, 1958) .
We have been studying resistance to ultraviolet radiation and radiomimetic agents in mutants of E. coli S. This strain behaves like E. coli B in becoming filamentous after treatment with radiomimetic agents. However, a radioresistant mutant, SINg la, selected for resistance to 1-methyl-3-nitro-1-nitrosoguanidine and concomitantly resistant to other radiomimetic agents and to ultraviolet light , did not become filamentous when treated with radiomimetic agents (Kilgore and Greenberg, 1961) . Thus, two radioresistant strains of E. coli, B/r and S/Ng la, selected independently from apparently different parents, were similar in that neither became filamentous when treated with radiomimetic agents.
Recently, three other radioresistant mutants of E. coli S, designated Ri, R2, and R3 (S/Ng la is R4), have been isolated Greenberg, Mandell, and Woody, 1961 Table 1 . The strain designation follows the convention of a bar followed by an abbreviation of the agent to which resistance was selected, a number indicating the number of steps in resistance, and a letter identifying a particular line. The R designations indicate radioresistant types of which the identified strain is a prototype.
Compounds. 1-Methyl-3-nitro-1-nitrosoguanidine was purchased from the Aldrich Chemical Company, Milwaukee, Wis., and recrystallized from ethanol. Nitrogen mustard was a gift of Merck, Sharp & Dohme, Rahway, N. J. Nitromin, azaserine, and mitomycin C were supplied by the Cancer Chemotherapy National Service Center, National Institutes of Health, Bethesda, Md.
Media. Glucose-salts of Davis and Mingioli (1950) , and tryptone broth, adjusted to pH 5.5 or pH 7.0 as described earlier Mandell et al. (1961) S/Cp la (R1) Greenberg et al. (1961) S/Ni lb (R2) Woody et al. (1961) S/Nm la (R3) Woody et al. (1961) * The following abbreviations are used:
1-methyl-3-nitro-l-nitrosoguanidine, NG; 1-chloropropyl-3-nitro-l-nitrosoguanidine, CP; nitrogen mustard, NM; Nitromin, NI; azaserine, AS; mitomycin C, MC.
drug were used. The cultures were incubated stationary for approximately 18 hr at 37 C and examined for growth. The minimal inhibitory concentration (MIC) is defined as the smallest concentration of test compound which allowed no visible cell growth. A smear of each culture was made and the morphology of the cells examined microscopically.
Ultraviolet radiation. To test the effect of ultraviolet radiation, 2.5 ml of glucose-salts medium, containing 2 X 106 viable cells/ml, was irradiated for appropriate times in a sterile 90-mm petri dish. The dish was rocked gently by hand during irradiation to insure maximal cell exposure. The source of ultraviolet light was a 4-w General Electric germicidal lamp, with maximum output at 2536 A. The lamp was 28.5 cm from the petri dish. After irradiation, 2 ml of the irradiated cells were removed from the petri dish and placed into a sterile test tube. The manipulations were done in subdued light to minimize photoreactivation. The cultures were incubated stationary at 37 C in the dark. Samples were taken at hourly intervals for 6 hr and the cell morphology examined; most of the cultures were re-examined after 18 hr.
RESULTS
The effect of ultraviolet light and five radiomimetic agents, 1-methyl-3-nitro-1-nitrosoguanidine, nitrogen mustard, Nitromin, azaserine, and mitomycin C, on cell growth (measured turbidimetrically) and filament formation of E. coli S and four of its radioresistant mutants is shown in Tables 2 and 3. The cells are divided into three The minimal inhibitory concentrations on gradient plates are from results previously published from this laboratory WYoody et al., 1961; and rechecked during the course of the present experiments.
The following results in Tables 2 and 3 (1956) demonstrated that both E. coli B and B/r, the radiation-resistant mutant of B, exhibited signs, such as increased cell size, of damage to their cell-division mechanisms immediately after irradiation with ultraviolet light. WVhereas E. coli B continued to grow without dividing until bizarre "snakes" were formed, B/r quickly divided into normal size cells. This was interpreted to mean that B/r differed from B in its ability to recover from radiation damage to some cell-division mechanism, and was assumed to account for the radioresistance of B/r. Since the radioresistant mutant, E. coli S/Ng la, also resisted the tendency to form filaments after irradiation or treatment with radiomimetic agents (Kilgore and Greenberg, 1961) , it seemed reasonable to conclude that resistance to radiation might be, in fact, related to the ability of the cells to repair the damage to cell-division mechanisms resulting from such treatment.
It was surprising, therefore, to find that some radioresistant strains of E. coli S became filamentous both after ultraviolet irradiation and during treatment with radiomimetic agents. It should be emphasized that the radioresistant mutants of E. coli S which became filamentous were as resistant to ultraviolet radiation, when measured by survival on solid medium, as those which did not Woody et al., 1961) . They differed only in their degree of resistance to radiomimetic agents, measured by the gradient-plate technique.
Furthermore, the failure of a strain of E. coli to form filaments after ultraviolet radiation is not always an indication that the strain is radioresistant. Although Witkin (1947) was able to select radiation-resistant mutants of E. coli by selecting from agar plates clones which were not filamentous after irradiation, Hill and Simson (1961) , using the same method of selection, isolated mutants which were even more sensitive to irradiation than was the parent strain B. Furthermore, Adler and Haskins (1960) found that several strains carried in different laboratories and called E. coli B/r, although nonfilamentous after irradiation, were significantly less resistant to ultraviolet radiation than was Witkin's B/r. Thus the relationship between radiation resistance and filament formation is complicated. A mutant selected because it is not filamentous after ultraviolet irradiation might be more sensitive, or, to a varying degree, more resistant to ultraviolet light than its parent. Furthermore, as shown in this paper, strains selected for resistance to radiomimetic agents and concomitant resistance to ultraviolet light may or may not become filamentous following ultraviolet irradiation.
It is well known from the work of Lea et al. (1937) , Witkin (1947) , Payne et al. (1956) , and Spoerl et al. (1954) that radiation (ultraviolet or ionizing) inhibits cell division in E. coli at lower doses than are required to inhibit growth. From the results in this paper it is apparent that radiation and radiomimetic agents inhibit growth on solid medium at lower doses than are required to inhibit growth in liquid media. Deering and Setlow (1957) reported that it required smaller doses of ultraviolet light to inhibit cell division than to inhibit colony formation on agar. Thus, cell-division mechanisms would appear to be more sensitive to radiation damage than growth on agar, which in turn appears to be more sensitive than growth in liquid medium. No mutant of E. coli has yet been described which is resistant to the inhibiting effects of radiation on growth in liquid medium. Radioresistant mutants may or may not be resistant to the effect of ultraviolet radiation on cell-division mechanisms. The radioresistant mutants of E. coli S differed from their parent and among each other chiefly in the degree to which they were resistant to the inhibition by radiomimetic agents of growth on agar. It is significant that all the radioresistant strains of E. coli S were equally resistant to inhibition of growth on agar by ultraviolet radiation and Nitromin ), yet they were not equally resistant to the induction of filament formation by these agents.
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